Forskolin is a diterpene derived from the plant Coleus forskohlii. Forskolin activates adenylate cyclase, which increases intracellular cAMP levels. The antioxidant and antiinflammatory action of forskolin is due to inhibition of macrophage activation with a subsequent reduction in thromboxane B2 and superoxide levels. These characteristics have made forskolin an effective medication for heart disease, hypertension, diabetes, and asthma. Here, we evaluated the effects of chronic forskolin administration on blood glucose and oxidative stress in 19 male Wistar rats with streptozotocin-induced diabetes compared to 8 healthy male Wistar rats. Rats were treated with forskolin, delivered daily for 8 weeks. Glucose was assessed by measuring fasting blood glucose in diabetic rats and with an oral glucose tolerance test (OGTT) in healthy rats. Oxidative stress was assessed by measuring 8-hydroxydeoxyguanosine (8-OHdG) in 24-h urine samples. In diabetic rats, without forskolin, fasting blood glucose was significantly higher at the end than at the beginning of the experiment (8 weeks). In both healthy and diabetic rats, forskolin treatment lowered the fasting glucose at the end of the experiment but no effect was found on oral glucose tolerance. The 8-OHdG levels tended to be less elevated in forskolin-treated than in untreated group. Our results showed that chronic administration of forskolin decreased fasting blood glucose levels; however, the reductions of 8-OHdG were not statistically significant.
Introduction
Forskolin is a diterpene derived from plant Coleus forskohlii [1, 2] . Forskolin directly activates adenylate cyclase (AC), which increases intracellular cAMP levels in a variety of cells. The final effects of cAMP production are as diverse as the cells that respond to forskolin; the effects depend on the AC isoforms expressed in each kind of cell [3] . Previous research on pancreatic beta cells has shown that forskolin enhanced the glucose-mediated stimulus that induces beta cells to release insulin [4] . This effect was produced by the elevation of cAMP, which activates two main signaling pathways in beta cells. One pathway is mediated by protein kinase A (PKA) and the other is activated by factors of guanine nucleotide
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Recent studies have shown that, in pancreatic islets cells, oxidative stress and glucotoxicity induced apoptosis [6] . Niaz & Singh found that, in forskolin pre-treated erythrocytes, lipid peroxidation was significantly decreased [7] . Those authors concluded that the antioxidant effect of forskolin was comparable to the effects of vitamin E and probucol. The increase in cAMP by forskolin attenuated cytotoxicity and apoptosis [6] . In vitro, forskolin protected against the intracellular effects of H2O2 and increased the levels of the antioxidant, glutathione, by 1.6 to 2 fold [8] .
Oxidative damage in vivo can be evaluated by measuring 8-hydroxydeoxyguanosine (8-OHdG), a nucleic acid that is modified in the presence of reactive oxygen species (ROS). The modified product (8-OHdG) can be measured in a 24-h urine sample [9, 10] .
Patients with diabetic nephropathy have displayed high levels of 8-OHdG, and 8-OHdG was positively correlated with glycosylated hemoglobin [11, 12] . High levels of 8-OHdG were also correlated with indicators of diabetic complications, including the thickness of the intima of the carotid arteries and the calculated risk of coronary disease. Those data suggested that 8-OHdG was an early marker of microvascular and macrovascular type 2 diabetes complications; moreover, 8-OHdG was a strong predictor of diabetic nephropathy progression [11, 13] .
Studies have shown that drugs can modify oxidative stress, and these drugs were proven to be useful in diabetic mice [14] . It is also important to note that several studies have demonstrated the anti-inflammatory effects of forskolin. For example, when patients undergoing coronary bypass were administered a water soluble derivative of forskolin (colforsin; 0.5 µg/kg/min), they showed a reduced inflammatory response. Also, previous studies have shown that forskolin had an antagonistic effect on tumor necrosis factor alpha, and it reduced the levels of interleukins 1β, 6, and 8 [9, 15] .
On the other hand, these antioxidant and anti-inflammatory action of forskolin has been used to treat the heart disease, hypertension, diabetes and asthma.
The aim of this study was to determine the effects of chronic administration of forskolin on glucose and oxidative stress in diabetic, male Wistar rats and on glucose tolerance in healthy, male Wistar rats.
Materials and Methods

Experimental Animals
Male Wistar rats, aged 10-14 weeks old, with a mean weight of 300 g ± 50 g, were obtained from Harlan laboratories (Madison, WI, USA). The rats had free access to food and water and maintained at constant temperature of 22-24°C, 55% humidity, and a 12-h light/12-h dark cycle (lights on at 07:00h). Rats were managed in accordance with the Institute for Laboratory Animal Research Guide for the Care and Use of Laboratory Animals [16] . The Ethics Committee of the University Center for Biomedical Research, University of Colima, Colima, México, approved the protocol. After the experiments, the rats were anesthetized prior to euthanasia.
Study Design
A total of 27 rats were divided into four groups; 19 were experimentally induced to develop diabetes, and 8 were maintained in a healthy condition. Both diabetic and healthy rats received no forskolin (control), or 6 mg/kg per day of forskolin, administered orally for 8 weeks. Blood glucose levels were determined in each group before and after forskolin treatment. The diabetic rats were tested two weeks after confirming the presence of diabetes (three weeks after the induction) and after eight weeks of the designated treatment.
Diabetes Induction
Diabetes was induced with 60 mg/kg streptozotocin (Sigma ®, with citrate buffer at pH 4.5) administered in a single dose intraperitoneally. The presence of diabetes was confirmed one week after induction. Blood glucose levels were determined, and induction was considered successful when blood glucose levels were ≥ 200 mg/dl.
Forskolin dose and administration
Forskolin (10 mg capsules, Life Extension Quality Supplements and Vitamins, Inc., Ft Lauderdale Florida) was administered orally for 8 weeks by catheter (Industrial medical Plastica Silice Sa de CV, México). Considering the allometric scaling of rat metabolism, according to Duff [17] , the administered doses 6 mg/kg per day was equivalent to the 1 mg/kg per day in humans doses. Forskolin was diluted in plain water to 60 mg/100. We used the same forskolin doses and dilutions for diabetic and healthy rats.
Glycemia Assessments
Fasting blood glucose was measured in all rat groups at the beginning of the experiment and at the end of the experiment (8 weeks). Prior to each glucose measurement, rats underwent 8 h of overnight fasting [18] . All blood samples (0.1 µl) were collected from the distal end of the tail and analyzed immediately with an Accu-check Active® glucometer and the corresponding Accu-check Active® test strips (Roche, Mannheim, Germany).
The oral glucose tolerance test (OGTT) was administered to healthy rats at the beginning and at the end of the experiment. After 8 h overnight fast, glucose (2 g/kg) was given orally, and blood glucose levels were measured, as described above, at 0, 30, 60, and 120 min after glucose loading.
8-Hydroxydeoxyguanosine Assessments
Oxidative stress was assessed by measuring 8-OHdG levels in 24-h urine samples in all rat groups at the beginning and end of the experiment (8 weeks). Urine samples were collected in the metabolic cages, frozen at -70 °C, and analyzed with an ELISA Kit (Trevigen, Gaithersburg, MD, USA).
Statistical Analysis
Averages, standard errors, and percentages were determined. Comparisons between average values were performed with the unpaired and the two tailed paired Student t test. In all tests, a confidence interval of 95% (95%CI) was used, and differences were considered statistically significant when p-values were < 0.05.
Results
First, we examined the oral glucose tolerance curves for healthy rats treated with forskolin ( Figure  1 ). The average blood glucose in the healthy rat group was 102.12 ± 1.94 mg/dl, 101.25±3.56 for control group and 103±2.08 in forskolin group. The data showed that glucose levels at the end of the study are lower in forskolin group, with a significant difference according to the statistical tests applied (p= 0.03).
Next, we examined blood glucose levels of diabetic rats. At the beginning of the study, the mean blood glucose levels in diabetic rats were 278.7±18.6mg/dl for the control (untreated) group; and 378.1 mg/dl ± 40.10 for rats that received forskolin. The within-group analyses showed a significant difference between initial and final glucose levels in the control group (p< 0.001) (Figure 2) .
We next determined the levels of urinary 8-OHdG. In the within-group analyses showed the same trend observed in blood glucose levels; the groups treated with forskolin exhibited less elevation in oxidative stress over time compared to the control group ( Figure 3 ).
Discussion
In our experimental animals, forskolin predominantly decreased basal glucose in healthy rats and attenuated the severity of hyperglycemia in diabetic rats. The levels of 8-OHdG also tended to decrease in diabetic rats. These effects were observed after administering forskolin orally for 8 weeks. It was previously shown that forskolin stimulated insulin release via elevation of intracellular cAMP in pancreatic beta cells [4, 19, 20] , that it conferred cytoprotection by decreasing glucotoxicity [6] and that it increased the expression of the insulin gene [21] . However, previously published results regarding the effects of forskolin on glucose levels are controversial. Ammon and Müller found that acute, intravenous administration of forskolin induced insulin release, increased cAMP in pancreatic beta cells, but elevated plasma glucose. However, when an intravenous glucose tolerance test was performed, glucose was not raised further than that observed in controls [4] . Ahmad et al. (1991) administered forskolin orally, as performed in this study. They delivered subchronic dosing and found that insulin and cAMP levels were elevated. They also reported an increase in glucose levels and an elevation in glucagon [19] . The effects of forskolin delivered in acute or subchronic doses were explained by: 1) elevation of glucagon, 2) increased gluconeogenesis, and 3) increased glycogenolysis [22] .
Moreover, cAMP acutely increased insulin release by two mechanisms: 1) through PKA and a number of substrates, including the inositol phosphate-3 receptor in the endoplasmic reticulum and the glucose transporter, GLUT2; and 2) the ATP-dependent K channel (KATP). A PKA-independent pathway also contributed to insulin release through an exchange protein that was directly activated by cAMP (EPAC). This pathway appeared to be activated when the PKA pathway was saturated, which is important for high performance in beta cells [20] .
Here, we studied the chronic effects of forskolin. These effects may be due to a permanent elevation of cAMP in residual beta cells. Studies in other cells showed that, after systemic forskolin administration, the levels of cAMP were high compared to control cells (from untreated animals) [23] . It is also known that diabetic rats display a disorder in the AC-cAMP system that responds to glucose [24] . Thus, chronic administration of forskolin may induce a change in the balance of cAMP in response to glucose, which could enhance insulin release. This may be another mechanism for reducing glucotoxicity, in addition to the reduction of oxidative stress [6] .
Chronic administration of GLP-1 agonists was found to induce insulin transcription and stabilize insulin levels [20] . Thus, in the present study, the effects on glucose levels, observed both in healthy and diabetic rats, may be explained by the effect of chronic forskolin on insulin transcription [21] . However, in healthy rats, the sensitivity to insulin did not change. This lack of response to insulin may be explained by the inhibitory effect of forskolin on glucose transporters, mainly Glut 4, which has a high affinity for glucose [25] [26] [27] [28] [29] [30] .
Our experimental findings showed no statistically significant difference in oxidative stress levels after forskolin treatment. However, we did observe a trend, similar to that observed in blood glucose levels, where the 8-OHdG values were lower in treated rats than in control rats at the end of the treatment period. These results were consistent with results described by Balkis Budin et al [31] and Ihara et al [32] , who showed that oxidative DNA damage was negatively correlated with metabolic control in diabetic rats.
Several metabolic pathways are known to mediate the effects of chronic hyperglycemia on the production of ROS. One pathway is non-enzymatic glycosylation, which leads to the formation of advanced glycation end products, through intermediate products (Amadori); this pathway leads to the generation of ROS. Another pathway involves the electron transfer system, which becomes a major source of ROS. Therefore, we would expect these pathways to be activated in our chronically hyperglycemic rats [33] .
On the other hand, in previous studies, forskolin was reported to have anti-inflammatory effects [9, 15] . In this study, the results showed that forskolin affected oxidative stress. It is known that these two phenomena interact in several cardiovascular and metabolic pathologies, including diabetes [34, 35] .
In summary, our results indicated that chronic administration of forskolin: 1) reduced serum levels of fasting glucose in healthy rats, 2) decreased the severity of fasting hyperglycemia in diabetic male Wistar rats, and 3) caused no statistically significant decrease in the 24-h urine levels of 8-OHdG. We note that the STZ method induces diabetes in rats on a faster timescale than the time it takes to develop diabetes in humans. Nevertheless, forskolin may be potentially useful in patients due to its mechanisms of action. It is possible that forskolin administration may have effects in humans that are qualitatively similar to those observed in the rat model of diabetes. However, further studies are needed to determine the proper dosages. In addition, previous studies have reported that the main adverse effect of forskolin was that it contributed to a reduction in blood pressure [2] . Susuki et al. also reported that forskolin was associated with tachycardia and cephalic pain [36] . Forskolin may also cause bleeding, due to its inhibitory effects on platelet adhesion [37, 38] . Future research in humans is needed to study potential adverse effects in patients with diabetes. 
